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,QWURGXFWLRQ
0RGHUQ LPSODQWV DUH SURGXFHG IURP WLWDQLXP DOOR\V VWDLQOHVVVWHHO FREDOWFKURPLXP DOOR\V DQG QREOHPHWDOV
,PSODQWVIURPWLWDQLXPDOOR\VKDYHPDQ\EHQHILWVKLJKVWUHQJWKJRRGIUDFWXUHWRXJKQHVVKLJKFRUURVLRQUHVLVWDQFH
DQG ORZ ZHLJKW 7KH\ DUH QRQIHUURPDJQHWLF FRVWHIILFLHQW QRQWR[LF ELRFRPSDWLEOH ORQJODVWLQJ DQG KDYH
FDSDFLW\IRURVVHRLQWHJUDWLRQ,WVKRXOGEHQRWHGWKDWDFFRUGLQJWRWKHVWDQGDUGVSHFLILFDWLRQVIRUZURXJKW7L$O9
(/, DQG FDVW 7L$O9 DOOR\V IRU VXUJLFDO LPSODQW DSSOLFDWLRQV $670 ) DQG $670 ) WKH
HORQJDWLRQRIWKHPDWHULDOVKRXOGEHDWOHDVW
7KH PHFKDQLFDO SURSHUWLHV RI FRQYHQWLRQDO WZRSKDVH WLWDQLXP DOOR\V OLNH 7L$O9 VWURQJO\ GHSHQG RQ WKH
DPRXQW GLVWULEXWLRQ DQG PRUSKRORJ\ RI WKH SKDVHV 'RQDFKLH  (TXLD[HG PLFURVWUXFWXUHV FRQVLVWLQJ RI
JOREXODU ILQHJUDLQHG ĮSKDVH GLVSHUVHG LQ D ȕSKDVH PDWUL[ KDYH VXSHUSODVWLF FKDUDFWHULVWLFV DQG SURYLGH DQ





DQR[\JHQFRQWHQWKLJKHU WKDQZW OHDGV WRDQ LQFUHDVH LQVWUHQJWKDQGD UHPDUNDEOHGHFUHDVH LQGXFWLOLW\RI
7L$O9DOOR\'HFUHDVHLQR[\JHQDQGQLWURJHQFRQWHQWLPSURYHVWKHGXFWLOLW\IUDFWXUHWRXJKQHVVVWUHVVFRUURVLRQ
UHVLVWDQFHDQGUHVLVWDQFHDJDLQVWFUDFNJURZWK





WKH JOREXODU PLFURVWUXFWXUH IRUPHG GXULQJ FRQYHQWLRQDO SURFHVVLQJ .DVSHURYLFK HW DO  $QDO\VLV RI WKH
OLWHUDWXUH VKRZV WKDW DOWKRXJK EDVLFPHFKDQLFDO SURSHUWLHV KDYH EHHQ UHSRUWHGPDQ\ WLPHV WKHUH LV D VXEVWDQWLDO
GHYLDWLRQLQPHFKDQLFDOSURSHUW\GDWD,QWKHDVEXLOW6/0VDPSOHWKHVWUXFWXUHFRQVLVWVRIPDQ\WUDFNVDQGOD\HUV
KDYLQJPHWDOOXUJLFDO FRQWDFWZLWK HDFK RWKHU 7KHUHIRUH WKHPHFKDQLFDO SURSHUWLHV GHSHQG RQ WKHPDQXIDFWXULQJ
VWUDWHJ\WKHLQLWLDOSRZGHUHQHUJ\LQSXWOD\HUWKLFNQHVVDQGRWKHUSDUDPHWHUV
'XH WR KLJK FRROLQJ UDWHV WHQVLOH UHVLGXDO VWUHVVHV JHQHUDWHG GXULQJ 6/0 GHWULPHQWDOO\ DIIHFW WKHPHFKDQLFDO
EHKDYLRURI WKHSDUWV <DGURLWVDYDHWDODQG9UDQFNHQHWDO7RPLQLPL]HDQ\SRVVLEOHGLVWRUWLRQ
6/0REMHFWVDUHVXEMHFWHGWRVWUHVVUHOLHYLQJKHDWWUHDWPHQWEHIRUHVHSDUDWLRQIURPWKHVXEVWUDWH)RUFRQYHQWLRQDO
7L$O9 IXUWKHU KHDW WUHDWPHQWV DUH XVXDOO\ XVHG WR FKDQJH WKH PLFURVWUXFWXUH DQG RSWLPL]H WKH PHFKDQLFDO
SURSHUWLHV)RU6/07L$O9DIWHUPDQ\DWWHPSWVLWKDVEHHQIRXQGFKDOOHQJLQJWRDSSO\KHDWWUHDWPHQWUHJLPHV
XVHG IRU FRQYHQWLRQDO PDWHULDOV GLUHFWO\ 7KLV LV EHFDXVH WKH 6/0 PDWHULDOV KDYH GLIIHUHQW VWUXFWXUH DQG
PHWDOOXUJLFDOKLVWRU\9UDQFNHQHWDO
$ SRVVLELOLW\ WR XVH 6/0 7L$O9 DIWHU PDQXIDFWXULQJ DQG VWUHVV UHOLHYH LI UHTXLUHPHQWV WR GXFWLOLW\ DUH




WKH REVHUYHG IDLOXUH PHFKDQLVPV 'HHSHU XQGHUVWDQGLQJV RI PLFURVWUXFWXUDO FKDQJHV DIWHU VWUHVV UHOLHYH LQ VLWX
WZLQQLQJDQGLWVLQIOXHQFHRQPHFKDQLFDOSURSHUWLHVLVSUHVHQWHG7KHQHZNQRZOHGJHRQPLFURVWUXFWXUHSURSHUWLHV
KHDW WUHDWPHQW UHODWLRQVKLS LV LPSRUWDQW WRILQGSRVVLEOH LQGXVWULDODSSOLFDWLRQVRI6/07L$O9DIWHUVWUHVVUHOLHI
WUHDWPHQWDQGQHFHVVDU\IRUWKHIXWXUHGHYHORSPHQWRIQHZUHJLPHVRIKHDWWUHDWPHQWVRI6/07L$O9
0DWHULDOVDQGPHWKRG
7L$O9 ([WUD /RZ ,QWHUVWLWLDO DOOR\ (/, SRZGHUZDV SURYLGHG E\ 7/67HFKQLN*PE+$FFRUGLQJ WR WKH
PDQXIDFWXULQJVSHFLILFDWLRQWKHSDUWLFOHVL]HZDVd10ȝPd50ȝPd90ȝPZHLJKWHGE\YROXPH
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7KHSRZGHUKDGDVSKHULFDOPRUSKRORJ\W\SLFDOIRUJDVDWRPL]DWLRQSURFHVV%HIRUHPDQXIDFWXULQJWKHSRZGHUZDV
GULHGDW&IRUKRXUV
+RUL]RQWDO VDPSOHVZHUHSURGXFHGE\ WKH(26,170PDFKLQH (26*PE+HTXLSSHGZLWKDQ<WWHUELXP
ILEHUODVHURSHUDWLQJDWQPZDYHOHQJWK,3*3KRWRQLFV&RUS7KHODVHUEHDPKDGD7(0*DXVVLDQSURILOH
DQG ȝP VSRW GLDPHWHU ,Q DFFRUGDQFHZLWK VWDQGDUG SURFHVV SDUDPHWHUV IRU D 7L$O9 DOOR\ D SRZGHU OD\HU
WKLFNQHVVRIȝPDQGDEDFNDQGIRUWK]LJ]DJVFDQQLQJE\VWULSVZLWKWKHKDWFKGLVWDQFHRIȝPZDVDSSOLHG
7KH VXEVWUDWH DQG SRZGHU PDWHULDO ZDV VLPLODU LQ FKHPLFDO FRPSRVLWLRQ $UJRQ ZDV XVHG DV WKH SURWHFWLYH
DWPRVSKHUHWKHR[\JHQOHYHOLQWKHFKDPEHUZDV±








;UD\ PLFUR FRPSXWHG WRPRJUDSK\ 0LFUR&7 EHIRUH DQG DIWHU VWUHVV UHOLHYLQJ DQG WHQVLOH WHVWV 'XH WR WKH
SRWHQWLDOIRULPSURYHGLPDJHFRQWUDVWWKH0LFUR&7VFDQVZHUHGRQHDWȝPUHVROXWLRQ0LFUR&7VFDQVZHUHGRQH
ZLWK D*HQHUDO(OHFWULF3KRHQL[9_7RPH_;/ V\VWHPDW N9DQGȝ$$OO DQDO\VHV UHSRUWHGKHUHZHUH





3.1. Mechanical properties and porosity  










VWXG\ YDOXHV RI DUHD UHGXFWLRQZHUH  IRU DVEXLOW DQG  LQ VWUHVV UHOLHYHG VSHFLPHQ 7KH
DYHUDJHPHDVXUHGHORQJDWLRQZDVIRUDVEXLOWDQGIRU6/07L$O9(/,DIWHUVWUHVVUHOLHI
7KHVHYDOXHVDUHTXLWHKLJKFRPSDUHGWRWKHRWKHUUHVXOWVVXPPDUL]HGLQ7DEOH
,W KDV EHHQ VKRZQ WKDW WKH GXFWLOLW\ RI 7L$O9 LV YHU\ VHQVLWLYH WR LQWHUVWLWLDO FRQWHQW 0LXUD HW DO 
'XFWLOLW\RI307L$O9VDPSOHVUHGXFHGGUDPDWLFDOO\DWR[\JHQFRQWHQWVJUHDWHUWKDQZWDVVKRZQE\;X
HW DO  ,Q WKH SUHVHQW LQYHVWLJDWLRQVPDQXIDFWXULQJXQGHU FRQWUROOHG R[\JHQ FRQWHQWZDVGRQH ZW




KRUL]RQWDO GLUHFWLRQ WKH WHQVLRQ ORDG LV DSSOLHG SHUSHQGLFXODUO\ WR WKH EXLOGLQJ GLUHFWLRQ 7KHQ D ODFN RI IXVLRQ
EHWZHHQWUDFNVDQGRUVWULSHVDQGRULVODQGVFDQEHFULWLFDOLQWHUPVRIGXFWLOLW\



























































$OO VDPSOHV LQYHVWLJDWHG LQ SUHVHQW ZRUN ZHUH SURGXFHG WR PLQLPL]H SRURVLW\ LH ZLWK RSWLPDO SURFHVV
SDUDPHWHUV 7KH 0LFUR&7 VFDQV DQDO\VLV FDUULHG RXW LQ WKLV LQYHVWLJDWLRQ VKRZHG WKDW DVEXLOW 6/0 DQG VWUHVV
UHOLHYHGVDPSOHVERWKKDGORZOHYHOVRISRURVLW\WKHHVWLPDWHGSRURVLWLHVZHUHDQGUHVSHFWLYHO\











)DFFKLQLHWDO r r r r r
)UH\HWDO     
5DILHWDO  r r  r
























9LODURHWDO ! r r r r
3UHVHQWDVEXLOW ! r r r r
3UHVHQWVWUHVVUHOLHYHG  rη r rη rη
$QQHDOHGZURXJKW7L$O9(/,
$670)
 0LQ 0LQ  0LQ
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7RWDOO\SRUHVZHUHGHWHFWHG LQ WKHDVEXLOW VSHFLPHQ DQGSRUHVZHUHREVHUYHG LQ WKH VWUHVV UHOLHYHGRQH






3.2. Tensile fracture mechanisms 








RI ERWK GXFWLOH DQG EULWWOH NLQG ZHUH REVHUYHG )LJV F DQG G +LJKPDJQLILFDWLRQ DQDO\VLV VKRZHG WKDW
















3.3. Necking and development of pores under tension 
,QRUGHUWRYLVXDOL]HDQGTXDQWLI\WKHQHFNLQJHIIHFWRQWKHWHQVLOHVDPSOHVDQGHVWLPDWHWKHUHGXFWLRQLQDUHDWKH










XQGHU ORDG WKHFRPSXWHG WRPRJUDSK\PHWKRGZDVDSSOLHG7KLVPHWKRGKDVVXFFHVVIXOO\EHHQSUHYLRXVO\XVHG LQ
ERWKLQVLWXDQGH[VLWXVHWXSV%XIILHUUHHWDO9HU\UHFHQWO\DVWXG\RIKLJKUHVROXWLRQ;UD\WRPRJUDSK\RI
SRURVLW\ DQG D VKDSH RI WKH QHFNLQJ UHJLRQ RI PLFUR WHQVLOH VDPSOHV ZDV UHSRUWHG E\ %HQRLW HW DO  IRU
FRPPHUFLDOO\SXUHWLWDQLXPDQGE\7HU]LHWDOIRUDQDOXPLQXPDOOR\ERWKPDQXIDFWXUHGLQFRQYHQWLRQDOZD\
,Q WKHFXUUHQWZRUN WKHH[ VLWXFKDQJHV LQQHFNLQJ VKDSHDQGSRURVLW\ LQ VWDQGDUG WHQVLOH VDPSOHVRIPP LQ
GLDPHWHUZHUHDQDO\]HG7KHDQDO\VLVRISRURVLW\FKDQJHVLVQHZIRUWKLVPDWHULDODQGIRUWKLVVL]HRIVDPSOH
,QWKLVLQYHVWLJDWLRQWRREVHUYHWKHHYROXWLRQRISRURVLW\WKHGHYHORSPHQWRISRUHVL]HDQGPRUSKRORJ\DQGWKH
LQIOXHQFH RI WKHVH SDUDPHWHUV RQ PHFKDQLFDO EHKDYLRU VHYHUDO DVEXLOW DQG VWUHVV UHOLHYHG VSHFLPHQV ZHUH SUH
VWUDLQHGWRDQGUHVSHFWLYHO\$VWKHPDWHULDOZDVVWUDLQHGSRUHFRDUVHQLQJZDVFOHDUO\SURQRXQFHGDQG
ZDV GRPLQDWLQJ LQ WKH QHFNLQJ DUHD )LJ  7KH FRDOHVFHQFH DQG JURZWK RI SRUHV VWDUWHG LQ VHYHUDO GLIIHUHQW






784   P. Krakhmalev et al. /  Physics Procedia  83 ( 2016 )  778 – 788 
7KHVHREVHUYDWLRQVFDQDOVRH[SODLQWKHELJGHYLDWLRQDPRQJWKHH[SHULPHQWDOO\REVHUYHGYDOXHVRIHORQJDWLRQLQ
WKHDVEXLOW6/07L$O9PDWHULDO7DEOH,I LQLWLDOSRURVLW\ LVKLJKHURUSRUHVDUHFRDUVHU WKHSRUHVJURZDQG
FRDOHVFHHDVLHU7KLVUHVXOWVLQIDVWHUIRUPDWLRQRIWKHFUDFNDQGILQDOIDLOXUH7KHUHIRUHWKHGLIIHUHQFHLQWKHLQLWLDO










FDVH RI 7L$O9 WKH PLFURVWUXFWXUH DIWHU PDQXIDFWXULQJ W\SLFDOO\ FRQVLVWV RI Įૼ PDUWHQVLWH 6ROLGLILFDWLRQ RI
7L$O9VWDUWVIURPFU\VWDOOL]DWLRQRIFXELFȕSKDVHIURPWKHOLTXLG&RPPRQO\FXELFSKDVHLVFU\VWDOOL]HGZLWKD















































































































WZLQQLQJ LVQRW WKHGRPLQDWLQJGHIRUPDWLRQPHFKDQLVP LQFRQYHQWLRQDO7L$O9=DHIIHUHU ,QKH[DJRQDO
PHWDOV^ࡄ`ࡄ!DQG^ࡄ`ࡄࡄ! WHQVLOHDQG^ࡄ`ࡄࡄ!DQG^ࡄ`ࡄࡄ!FRPSUHVVLRQ
WZLQVZHUHFRPPRQO\REVHUYHG%ULWWRQHWDO






FKDUDFWHUL]HG E\ KLJK GLVORFDWLRQ GHQVLW\ 6$('SDWWHUQV WDNHQ IURP VXFK WZLQ UHJLRQV UHYHDO D KLJK GHQVLW\ RI
IULQJHVDQGVWUHDNVLQGLFDWLQJWKHSRVVLEOHSUHVHQFHRIPXOWLSOHVWDFNLQJIDXOWV7KHZLGWKRIWKHVHWZLQVZDVLQWKH
UDQJH RI QP )LJ  7KH PLFURVWUXFWXUH RI WKH VSHFLPHQ DIWHU KHDW WUHDWPHQW ZDV IRXQG VLPLODU WR WKH
PLFURVWUXFWXUHRIDVEXLOWRQH7KHPDUWHQVLWLFĮૼSKDVHDOVRFRQWDLQHGWKHhcpWZLQVZLWKDZLGWKRIWKHWZLQVDERXW
QP
'HILQLWLRQ RI WZLQQLQJ SODQH DV ^ࡄ` WHQVLOH WZLQQLQJ LQ WKH DVEXLOW PDWHULDO ZKLFK KDV QHYHU EHHQ
FRQYHQWLRQDOO\ SODVWLFDOO\ GHIRUPHG LV D QHZ DQG LQWHUHVWLQJ UHVXOW 7KLV SKHQRPHQRQ FRXOG EH H[SODLQHG LI D
WKHUPRPHFKDQLFDO KLVWRU\ RI WKH6/0PDWHULDO LV WDNHQ LQWR DFFRXQW'XULQJPDQXIDFWXULQJ VXUIDFH KHDWLQJ DQG
FRROLQJDIIHFWWKHLQQHUUHJLRQVRIWKHVSHFLPHQ'XHWRKLJKKHDWLQJDQGFRROLQJUDWHVWKHUPDOJUDGLHQWVDUHKLJK
DQG WKHUHIRUH WKHUPDO VWUHVVHV DOVR FDQ UHDFK TXLWH KLJK YDOXHV ,W FRPPRQO\ UHVXOWHG LQ KLJK WHQVLOH UHVLGXDO
VWUHVVHVREVHUYHGRQWKHWRSDQGLQWKHYROXPHRIWKHODVHUPDQXIDFWXUHGREMHFWV<DGURLWVDYDHWDO$W6/0
KLJKWKHUPDOVWUHVVHVF\FOLFDOO\DFWRQWKHLQQHUUHJLRQVUHTXLULQJDFWLYDWLRQRIVWUHVVDFFRPPRGDWLRQPHFKDQLVPV
7KH REVHUYHG WZLQQLQJ WKHUHIRUH LV VXJJHVWHG DV D SRVVLEOH PHFKDQLVP IRU DFFRPPRGDWLRQ RI F\FOLF
WKHUPRPHFKDQLFDO VWUHVVHV GXULQJ PDQXIDFWXULQJ 7KH REVHUYHG ^ࡄ` WZLQQLQJ LV FODVVLILHG DV WHQVLOH DQG LW
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UHVXOWV LQ  VWUDLQ LQ WKH ! GLUHFWLRQ LQ KH[DJRQDO FORVH SDFNHG VWUXFWXUH 1HYHUWKHOHVV DGGLWLRQDO
DQDO\VLVDUHUHTXLUHGWRFRQILUPWHQVLOHWZLQQLQJDVDQLQVLWXVWUHVVDFFRPPRGDWLRQPHFKDQLVP
&RQFOXVLRQV
0LFURVWUXFWXUDO DQDO\VLV VKRZHG WKDW IXOO\ PDUWHQVLWLF ĮૼVWUXFWXUH ZLWK KLJK GLVORFDWLRQ GHQVLW\ DQG VWDFNLQJ
IDXOWVZDVW\SLFDOLQERWKWKHDVEXLOWDQGVWUHVVUHOLHYHGVDPSOHV1RȕSKDVHZDVGHWHFWHGE\7(0DQG;5'
7ZLQQLQJZDVREVHUYHGE\PHDQVRI7(0DQG^ ࡄ` WZLQQLQJSODQHZDVGHILQHG LQ WKHDVEXLOW DQGVWUHVV
UHOLHYHG VSHFLPHQV7ZLQQLQJZDV VXJJHVWHG WREH WKHPHFKDQLVP IRU LQ VLWX DFFRPPRGDWLRQRI WKHUPDO VWUHVVHV
GXULQJPDQXIDFWXULQJ
3RUH FRDOHVFHQFHZDV FRQILUPHG WREH WKHPDLQ FUDFN IRUPDWLRQPHFKDQLVPV LQ WKH ILQDO IUDFWXUHZLWK W\SLFDO
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